Abstract. Serrated lesions in the colorectum are currently predominantly classified as hyperplastic polyps (HPs), sessile serrated adenomas/polyps (SSA/Ps), and traditional serrated adenomas (TSAs) according to their morphology. However, the histological morphology and the molecular changes in the serrated lesions are still unclear. We performed immunohistochemistry for Ki67, p16
Introduction
Serrated lesions in the colorectum are characterized morphologically by elongated crypts and a saw-toothed pattern of the crypt epithelium. The lesions are classified into hyperplastic polyps (HPs), sessile serrated adenomas/polyps (SSA/Ps), and traditional serrated adenomas (TSAs) by the World Health Organization (WHO) (1, 2) . These serrated lesions are similar not only in morphological appearance, but also in terms of molecular features, such as genetic and epigenetic changes (3) (4) (5) (6) (7) . These molecular changes are found even in HPs (4, 6, 8) , and the sequence of transformation from HPs to SSA/Ps has been thought to be premalignant. On the other hand, SSA/P diagnostic criteria, debated by many researchers, are fundamentally based on morphology in hematoxylin and eosin (HE) sections (9, 10) . Thus, the categorization of serrated precursor lesions, particularly HPs and SSA/Ps, still often varies among pathologists. The HP-SSA/P sequence is predominantly observed in the right-sided colon, which is different from the classical adenoma-carcinoma sequence (11) . In contrast, TSAs are frequently found in the left side of colon (12) , suggesting that their pathogenesis may differ from that of SSA/Ps. p16 INK4a (p16), a cyclin-dependent kinase inhibitor, is a component of the INK4 family, which induces cellular senescence and growth arrest (13) (14) (15) . The upregulation of p16 expression in premalignant lesions and its inactivation during malignant transformation is believed to be a common event in carcinogenesis in many organs (16, 17) . The loss of p16 expression caused by CDKN2A promoter hypermethylation contributes to malignant transformation in the serrated dysplasia-carcinoma sequence (18) . However, it is not yet known whether the upregulation of p16 is linked to the serrated precursor lesions in the microscopic morphology.
In the differentiation between HP and SSA/P, some studies have suggested that a change in the Ki67-positive proliferative zone and asymmetrical change cause an architectural disturbance (9, 19) . Another study has demonstrated that upregulation of p16 due to oncogene-induced senescence in the premalignant serrated lesions occurs prior to a loss of p16 in malignant transformation (18) changes; however, the association with the localization of these molecular markers has not yet been specified. In terms of crypt branching and fission, a recent study has revealed that Wnt5a is a key molecule in the process of crypt regeneration, particularly in crypt fission of a mouse model (20) . In the mouse intestine, Wnt5a is secreted by stromal pericrypt myofibroblasts and is necessary for proliferation and branching of crypt epithelium and maintaining of homeostasis (21, 22) . Additionally, dysplasia branching from SSA/Ps has been reported to be closely associated with a high rate of intraepithelial lymphocytes (IELs) (23) . However, the localization and role of WNT5A and IELs in the HP-SSA/P sequence are unknown.
The aim of this study was to clarify the morphological differences between SSA/P and other serrated lesions by analyzing immunohistochemistry (IHC) of Ki67 cellular proliferation marker and p16 senescence marker and furthermore, to investigate the involvement of WNT5A and IELs in the mechanism underlying development of serrated lesions, particularly SSA/Ps.
Materials and methods
Ethics statement. Human samples were obtained from gifu university Hospital, and written informed consent was obtained from all individuals. This study was approved by the Institutional review board of gifu university. All experiments were carried out in accordance with the approved guidelines of gifu university.
Samples. Eighty-eight serrated colorectal polyps were resected endoscopically or surgically from 65 patients (aged 36 to 87 years) at the gifu university Hospital, between the years 2012 and 2016 (Table I ). The number of the polyps examined is HPs, n=22 (endoscopically, n=21; surgically, n=1), SSA/Ps, n=42 (endoscopically, n=33; surgically, n=9), and TSAs, n=24 (endoscopically, n=19; surgically, n=5).
Histological evaluation and immunohistochemistry (IHC).
The histological diagnosis of the serrated lesions was evaluated based on their morphology in hematoxylin and eosin (H&E) staining (Fig. 1A) . SSA/Ps were distinguished from conventional HPs on the basis of the following microscopic features: 1) crypt dilation, 2) irregularly branching crypts, and 3) horizontally arranged basal area of the crypts (inverted T-and/or L-shaped crypts) (9) (Fig. 1b) . Lesions demonstrating ≥2 of these findings were classified as SSA/Ps. Lesions that had none of these findings were classified as HPs. TSAs were diagnosed by a complex villous architecture, lined by columnar cells with densely eosinophilic cytoplasm and pencillate nuclei (2) .
All samples analyzed were formalin-fixed and paraffinembedded tissue sections. Immunohistochemistry (IHC) was performed using a Histofine ® Simple Stain mAX PO kit (Nichirei, Tokyo, japan) according to the manufacturer's protocol. We used anti-Ki67 (mouse monoclonal antibody, clone mIb-1, 1:100 dilution; dako Corp., Carpinteria, CA, uSA, rabbit polyclonal antibody, clone SP6, 1:100 dilution; Abcam, Cambridge, mA, uSA), anti-p16 (mouse monoclonal antibody, clone E6H4, 1:1 dilution; ventana, Tucson, Az, uSA), and anti-Wnt5a/b (rabbit monoclonal antibody, clone C27E8, 1:50 dilution; Cell Signaling, danvers, mA, uSA). For double-staining IHC, both Ki67 and p16 antibodies were used as primary antibodies. Signal amplification was performed with alkaline phosphatase-biotin complex, followed by a chromogenic reaction with alkaline phosphatase substrate kit (vecta blue; vector Laboratories, burlingame, CA, uSA) and dAb as previously described (24) .
To evaluate the Ki67-and p16-positive index, two representative adjacent crypts detected from the bottom to the surface of the crypt were selected in each specimen. The percentage of Ki67-or p16-expressing cells per crypt was calculated in upper, middle, and lower parts of crypt, separately (Fig. 2b) . To evaluate the Wnt5a-positive index, approximately 50 to 200 crypts were selected in each specimen and the number of positive cells per crypt was calculated in the upper, middle, and lower parts of the crypt, separately. The upper portion was subdivided into the 'upper surface' (cells adjoining the surface epithelium) and 'upper else' sections (Fig. 2b) . Counting of IELs in the crypt epithelium was performed in H&E sections. The number of IELs in a crypt of HPs and SSA/Ps was counted in a single hot-spot high-power field. We excluded the specimens which were not suitable for the evaluation in each examination. Histological evaluation was performed by two experienced pathologists (H.T. and K. H.) who were blinded to the clinical data.
Statistical analysis. The data were analyzed using the t-test, Fisher's exact test, and Wilcoxon's rank-sum test. P<0.05 or P<0.01 were considered statistically significant.
Results
Clinical characteristics. The clinical characteristics of the patients are summarized in Table I . No significant differences in sex and endoscopic morphology were found between the HP, SSA/P, and TSA groups. However, the mean age of patients with TSAs (70.9±8.22 years) was significantly older than that of patients with HPs (63.8±12.1 years). SSA/Ps were predominantly observed in the proximal colon (61.90%), while TSAs were found in the distal colon (70.83%); the difference in location between SSA/P and TSA was statistically significant. The mean size of HPs (7.36±5.65 mm) was significantly smaller than that of SSA/Ps and TSAs (11.1±6.58 and 12.7±11.0 mm, respectively).
Ki67 proliferative cells expand from the lower to the middle zone in the HP-SSA/P sequence, but not in TSAs.
To investigate whether morphological changes in serrated lesions are associated with cellular proliferation, we performed IHC for Ki67 in human HPs (n=22), SSA/Ps (n=41), and TSAs (n=19). In HPs and SSA/Ps, Ki67-positive cells were predominantly found in the lower third of the crypt ( Fig. 2A) . In TSAs, Ki67-positive cells were also observed in the lower third of the crypt; however, these cells broadly expanded toward the upper part of the crypt in TSAs in comparison with HPs and SSA/Ps.
To clarify the difference in proliferative activity between HPs, SSA/Ps, and TSAs, we calculated the Ki67-positive rate by dividing a crypt into three zones, i.e., lower, middle, and upper zones (Fig. 2b) . In normal colon epithelium, the proliferative zone, marked by Ki67-positive cells, is localized in the lower third of the crypt (data not shown). In HPs, SSA/Ps, and TSAs, the Ki67-positive rates were high in the lower zone of the crypt (Fig. 2C) . In HPs, Ki67-positive rates in the lower, middle, and upper zones of the crypt decreased significantly (46.06, 20.62, and 2.63%, respectively). In SSA/Ps, Ki67-positive rates in the lower, middle, and upper zones of the crypt also decreased significantly (46.1, 14.31, and 1.70%, respectively). Similarly, in TSAs, the Ki67-positive rates in the lower, middle, and upper zones of the crypt decreased significantly (36.99, 18.78, and 8.44%, respectively).
Next, we evaluated the differences in the proliferation rates between the zones in serrated lesions. In the upper zone, the proliferation rate of TSAs was significantly higher than that in HPs and SSA/Ps (Fig. 2d) . In the middle zone, the proliferation rate of HPs was significantly higher than that of SSA/Ps. In the lower zone, the proliferation rates of HPs and SSA/Ps were significantly higher than that of TSAs. In the whole crypt, i.e. the lower, middle, and upper zones, there was no significant difference in the proliferation rates of HPs, SSA/Ps, and TSAs (23.37, 22.92, and 22.57%, respectively). These data demonstrated that the proliferative cells of SSA/Ps expanded from the lower to the middle zone, although the rate of proliferative cells was not significantly different between HPs and SSA/Ps. Furthermore, the proliferative cells of TSAs expanded broadly to all three zones and were less frequently found in the lower zone in TSAs than in those of HPs and SSA/Ps. These results suggest that there might be a marked difference in the HP-SSA/P sequence and TSA development in terms of the proliferation and senescence of cells in the crypt.
Significant increase of p16 expression in the crypt bottom of SSA/Ps. To clarify whether cellular senescence is associated with serrated lesions, we performed IHC for p16, the key enforcer of cell cycle arrest, in our cohort (HPs, n=18; SSA/Ps, n=28; TSAs, n=13). Few p16-positive cells were observed in the normal colon epithelium (data not shown) and HPs (Fig. 3A) . In several HP cases, p16-positive cells were observed in the crypt bottom. In SSA/Ps, p16-positive cells were predominantly found in the bottom of the crypt, in particular in L-or T-shaped crypts, albeit sparsely. Furthermore, p16-positive cells were found in the cleft of the crypt. Except for the epithelium, a few stromal cells, such as lymphocytes and granulocytes, around the crypt showed positive staining. In TSAs, p16-positive epithelial cells broadly expanded across the crypt, although there were few positive cells. Next, we evaluated differences between the rates of p16-positive senescent cells among the three zones in serrated lesions, in a similar manner as for the calculation of Ki67-positive cells. In HPs, SSA/Ps, and TSAs, the p16-positive rate of the lower zone was significantly higher than that of the upper and middle zones (Fig. 3b) . In HPs, p16-positive rates in the lower, middle, and upper zones of the crypt decreased significantly (3.09, 1.02, and 0.37%, respectively). Similarly, p16-positive rates decreased significantly in SSA/P (12.76, 4.12, and 0.93%, respectively) and in TSA (17.41, 12.45, and 6.11%, respectively) in the lower, middle, and upper zones of the crypt. Consequently, the rate of the p16-positive cells followed the same trend as the Ki67-positive cells (Fig. 2C) in the crypts of serrated lesions.
We evaluated the differences in the p16-positive senescent cell rates between the crypt zones in serrated lesions. In the upper zone, the rate of the senescent cells in TSAs was significantly higher than those in HPs and SSA/Ps (Fig. 3C ). In the middle zone, the rate of senescent cells in SSA/Ps was significantly higher than that in HPs, and the rate of senescent cells in TSAs was significantly higher than that in HPs. In the lower zone, the rate of senescent cells in SSA/Ps was significantly higher than that in HPs, and the rate of senescent cells in TSAs was significantly higher than in HPs. In the crypt as a whole, i.e. the lower, middle, and upper zones, there were significantly more senescent cells in SSA/Ps than in HPs, and significantly more senescent cells in TSAs than in SSA/Ps (2.37, 5.81, and 11.22% in HPs, SSA/Ps, and TSAs, respectively).
These data demonstrate that there were very few p16-positive senescent cells in the central bottom of the elongated crypt in HPs; they were sparsely observed in the cleft of L-or T-shaped crypts in SSA/Ps, and were detected broadly across the crypt in TSAs. This suggests that there may be a difference in HP-SSA/P sequence and TSA progression in terms of senescence of the crypt epithelium.
Absence of p16-positive senescent cells co-expressed with Ki67-positive proliferating cells in L-and T-shaped crypts of SSAPs.
We hypothesized that the sparse distribution of p16-positive senescent cells in the HP-SSA/P sequence may contribute to the distinctive morphology, such as the L-and T-shaped crypts of SSA/Ps. To verify this hypothesis, we performed IHC in the serial section and performed double IHC for Ki67 and p16 in some crypts of SSA/P. In serial sections, Ki67-and p16-positive cells did not colocalize in the bottom of crypts in HPs or SSA/Ps (Fig. 4A) . In HPs, a few p16-positive cells were found in the central of the crypt bottom, while Ki67-positive cells were distributed in the lower zone of the crypt, except for the central of the crypt bottom. In SSA/Ps, Ki67-positive cells were mainly found in the lower zone of the crypt and dilated crypts, although p16-positive cells were observed in the lower bottom of the cleft. These findings were confirmed using double IHC for Ki67 and p16 (Fig. 4b) .
Next, we evaluated the overlap of Ki67-and p16-positive cells in the bottom and lower zones of the crypt in HPs and SSA/Ps by counting cells (Fig. 4C) . In HPs, the majority of Ki67-positive cells were distinct from p16-positive cells in terms of their localizations. most p16-positive cells were located immediately below the proliferation zone, marked by Ki67, and were expressed mainly in the bottom (base) of the crypt, which was defined as the +1 position. In SSA/Ps, the majority of Ki67-positive cells were also distinct from p16-positive cells in terms of their localizations; however, most p16-positive cells overlapped with Ki67-positive cells, and were expressed predominantly at the +2 to +8 positions.
These results suggest that sporadic cellular senescence may rearrange the distribution of proliferating cells, followed by elongation of the crypt during proliferation, which could induce distinctive architectural change around the bottom of the crypt in SSA/Ps.
Stromal Wnt5a-positive cells descend along the pericrypt
and are located at the crypt cleft in SSA/Ps. We investigated whether Wnt5a is involved in the L-and T-shaped morphological changes in SSA/Ps; we performed IHC for Wnt5a in the same specimens investigated for Ki67 and p16 (HPs, n=20; SSA/Ps, n=40; TSAs, n=23). In HPs, Wnt5a-positive cells were observed in the stroma of the upper zone and immediately below the superficial epithelium, and were identified as myofibroblasts and lymphocytes (Fig. 5A) . In SSA/Ps, Wnt5a-positive cells expanded from the upper to the middle zone of the crypt, laterally. To clarify the distribution of Wnt5a-positive cells in serrated lesions, we measured the number of positive cells per crypt, divided into the upper, middle, and lower zones, in HPs, SSA/Ps, and TSAs. The number of stromal Wnt5a-positive cells in SSA/Ps and TSAs was significantly higher than that in HPs in the upper and middle zones, but not in the lower zone (Fig. 5b) . When we divided the upper zone into 'upper else' and 'upper surface' areas (Fig. 2b) , the difference in the number of stromal Wnt5a-positive cells was larger and more significant in 'upper else' area than 'upper surface' area between HPs and SSA/Ps (Fig. 5C) . The difference was found not only in the number, but also in the distribution of these cells in HPs and SSA/Ps. These results indicated that stromal Wnt5a-positive cells may have migrated from the upper to middle zones in the HP-SSA/P sequence. Of note, some stromal Wnt5a-positive cells were found around clefts of the nascent front of crypts in SSA/Ps (Fig. 5d ). This suggests that stromal Wnt5a-positive cells may be critical during the L-and T-shaped morphology changes in SSA/Ps.
Significant increases in intraepithelial lymphocytes in SSA/Ps.
Thus, we evaluated IELs in the serrated precursor lesions, i.e., HPs and SSA/Ps (Fig. 6A) . The mean number of IELs per crypt was 0.71±0.56 and 1.83±1.20 in HPs and SSA/Ps, respectively (Fig. 6b) . The number of IELs in SSA/Ps was significantly increased as compared to HPs. This observation suggested that an increase in IELs was associated with the HP-SSA/P sequence as well as with the dysplasia-carcinoma sequence in the serrated pathway.
Discussion
In this study, we demonstrated that the number and distribution of epithelial proliferative (Ki67-positive) and senescent (p16-positive) cells contribute to distinctive morphology changes in the HP-SSA/P sequence of the serrated pathway. Furthermore, we showed that stromal Wnt5a-positive cells increase along the crypt elongation and branching, and the number of IELs increase in the HP-SSA/P sequence.
Previous studies have shown that the number and distribution of Ki67-positive cells differed between HPs and SSA/Ps, with a higher Ki67-positive rate and asymmetrical distribution in SSA/Ps (9) . However, such differences were not confirmed in our study. This might be because 6/22 (27.3%) of HPs classified in our study were >10 mm, which are described as large hyperplastic polyp (LHPs), and have been considered to be synonymous with SSA/Ps in the WHO 2010 classification (Fig. 1b) (25-27) . A recent study (28) supports our findings that there was no difference in Ki67 expression between HPs and SSA/Ps.
Our data suggested that p16-positive cells increased and expanded during the progression from HP to SSA/P in the HP-SSA/P sequence. In human serrated lesions, oncogeneinduced senescence is induced by initiating brAF mutations, which lead to premalignant lesions, with upregulation of p16 and growth limitation by the senescence barrier (18) . We demonstrated that there were few p16-positive senescent cells in the bottom of crypts in HPs, although there were no cells in normal crypts. Furthermore, in SSA/Ps, p16-positive senescent cells were distributed mainly in a patchy fashion and at the clefting point. Noteworthy, those p16-positive cells did not co-localize with Ki67-positive proliferating cells. Kreigl et al (18) showed that p16 and Ki67 expression were mutually exclusive in premalignant lesions, such as serrated polyps; however, the distribution of expression of both these proteins was unclear in SSA/Ps. Our results indicated that a patchy distribution of senescent and proliferating cells may distinguish the morphology in the HP-SSA/P sequence (Fig. 7) .
microscopically, in contrast to HPs and SSA/Ps, TSAs are protuberant, exophytic, and villous, and have many ectopic crypt foci, which is the hallmark of TSA lesions (29) . We analyzed the Ki67-proliferative and p16-senescent cells in TSAs, as well as in HPs and SSA/Ps. The distribution of both Ki67-and p16-positive cells was broadly expanded throughout the crypt and could clearly distinguish TSAs from HPs and SSA/Ps. Furthermore, our data and those of previous studies demonstrated that TSAs usually develop in the left-sided colon, while SSA/Ps develop in the right-sided colon. This suggests that TSAs may not be related to HPs and SSA/Ps in terms of histological, molecular, and territorial pathogenesis.
It has been reported that stromal Wnt5a enhances transforming growth factor-β signaling to reduce epithelial proliferation and cause clefting of epithelial channels, and clefting modifies the polarization of highly proliferative crypt structures at wound margins, allowing them to branch into new crypt units in the regeneration of crypts in mice (20) . Of note, this phenomenon supports our finding that stromal Wnt5a-positive cells were localized near the cleft of crypts in human SSA/Ps. This indicates a morphological similarity between regenerative branching and branching of crypts in SSA/Ps. Furthermore, our results demonstrated that the number of IELs in SSA/Ps was significantly increased as compared with that in HPs, suggesting that inflammation may accelerate the morphological changes in SSA/Ps. Hence, we hypothesized that the distinctive morphological changes in SSA/Ps might be caused by reactive changes, rather than by neoplastic changes, and SSA/Ps with dysplasia may demonstrate distinct neoplastic changes. Furthermore, histological and molecular studies are necessary to clarify the pathogenesis of SSA/Ps that are distinguished by the presence of dysplasia.
recently, noncanonical Wnt signaling pathway, such as WNT5A and WNT3A, has been implicated in the regulation of mesenchymal stem cell differentiation, including adipogenic differentiation (30) . by WNT5A activation, human adipose-derived stem cells can differentiate neurogenic cells in a 3d microfluidic culture systems (31) , thus suggesting that WNT5A activation might be a key gene in neural differentiation of mesenchymal stem cells (32) . In gastrointestinal polyps, primary neurogenic polyps are frequently observed (33) . However, the pathogenesis remains unclear. WNT5A may be associated with the development of the neurogenic gastrointestinal polyps on not only surrounding tumor microenvironment but also the stem cell differentiation.
Taken together, this study demonstrates evidence that HP elongates and branches, based on the increase and patchy distribution of senescent and proliferative cells, along with activation of stromal and inflammatory cells, which contributes to producing the L-and/or T-shaped crypts that are distinctive in SSA/Ps. Our findings may facilitate understanding and improve therapy of serrated lesions.
